This study investigates the carrier dynamics of InGaN / GaN light-emitting diodes with various doping profiles in the active region by using time-resolved photoluminescence experiments. Excess carrier lifetime strongly depends on excitation intensity when the quantum wells in the active region comprise doped and undoped barriers. The measured lifetime is shorter when the excitation intensity is lower. Competition between radiative recombination in quantum wells with undoped barriers and carrier tunneling from quantum wells with undoped barriers to wells with doped barriers is responsible for this phenomenon. Reducing the excitation intensity causes more carriers to undergo faster recombination in doped quantum wells. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2912035͔ Rapid progress in epitaxial technology for III-nitride materials has led to the use of light-emitting diodes ͑LEDs͒ for solid state lighting since the advent of high-brightness blue LEDs.
Rapid progress in epitaxial technology for III-nitride materials has led to the use of light-emitting diodes ͑LEDs͒ for solid state lighting since the advent of high-brightness blue LEDs. [1] [2] [3] Silicon doping in the barrier layers of the InGaN / GaN multiple-quantum-well ͑MQW͒ active region improves the structural and electronic homogeneity of a laser diode. 4, 5 The performance of InGaN / GaN MQW LEDs has also been improved by introducing Si-doping barrier layers from the comparisons between LEDs with Si-doped barriers and unintentionally doped barriers. 6 Minsky et al. 7 reported that Si doping in barrier layers reduces the carrier lifetime from 10 to 1 ns, based on time-resolved photoluminescence ͑TRPL͒ measurements. The carrier lifetime decreases with increased doping because excess electrons screen the internal electric field. This work studies InGaN / GaN MQW LED structures with various Si-doping profiles at active regions. PL decays were observed to strongly depend on the excitation intensities of the sample with both doped and undoped barriers in the active region. A theoretical model that includes the tunneling and recombination of excess carriers is proposed to explain the observed phenomena.
The InGaN / GaN LED samples used in this work were grown on c-plane ͑0001͒ sapphire substrates with metalorganic chemical vapor deposition using a high-speed rotating disk in a vertical growth chamber. Trimethylgallium, trimethylindium, trimethylaluminum, and ammonia were used as the source materials of Ga, In, Al, and N, respectively. Bicyclopentadienyl magnesium and silane were used as the p-type and n-type doping sources. A 20 nm thick GaN nucleation layer was grown at low temperature on top of the sapphire substrate. Then, a thick ͑4 m͒ n-type GaN buffer layer was grown. After the growth of the buffer layer, the six-period InGaN / GaN MQW active region on top of the buffer layer was grown. Then a thin Mg doped p-type AlGaN electron-blocking layer and a Mg doped p-type GaN cladding layer ͑120 nm͒ were grown. The barrier and the well width of the MQWs were 7.5 and 2.5 nm, respectively. Four samples with different MQW doping profiles were investigated. The active region in sample A was consisted of six InGaN / GaN MQW with all barriers undoped. The first two barriers of the active region in sample B were Si doped and the other four barriers were undoped. Figures 1͑a͒ and 1͑b͒ schematically depict the structure and the MQW structural view of sample B, respectively. The Si-doping concentration in the doped barriers was approximately 10 18 cm −3 . The first four barriers in sample C were Si doped and the other two barriers were undoped. All six were Si doped in sample D. As-grown samples were characterized by TRPL using a frequency-tripled pulsed Ti: sapphire laser ͑267 nm and 180 fs at 76 MHz͒. TRPL measurements were made using a a͒ Author to whom correspondence should be addressed. Electronic mail: ychang6@mail.ncku.edu.tw.
FIG. 1. ͑Color online͒ ͑a͒ LED active region design with various doping profiles and ͑b͒ sample with two doped barriers in quantum wells ͑sample B͒.
time-correlated single-photon-counting system with a temporal resolution of 250 ps.
TRPL measurements were made on all samples using four different excitation intensities. Figures 2͑a͒ and 2͑d͒ plot the PL decays as the excitation intensities of samples A and D, respectively, are varied. Sample A with all barriers undoped had the longest lifetime, while sample D with all the barriers doped had the shortest lifetime. These results were consistent with the TRPL measurements made by Minsky et al. 7 The silicon doping of the barriers reduces the strong internal field by carrier screening, increases the spatial overlap of the electron and hole wave functions, and reduces the carrier lifetime. Variation in the excitation intensity did not affect the decay for either sample. Surprisingly, the PL decay strongly depended on the excitation intensities when both doped and undoped barriers were present in the active region of samples B and C, as shown in Figs. 2͑b͒ and 2͑c͒ , respectively. This result indicates that the excess carriers are involved in at least two competing mechanisms. The PL decay associated with each curve was fitted using the following triexponential function:
where 1 represents the shortest lifetime component ͑Ͻ5 ns͒; 3 represents the longest lifetime component ͑Ͼ50 ns͒, and 2 is the moderate lifetime component ͑50 nsϾ 2 Ͼ 5 ns͒. Figures 3͑a͒ and 3͑b͒ plot coefficients A 1 and A 2 , respectively, at various excitation intensities. Both A 1 and A 2 suffered from large variations with excitation intensities for samples B and C; the variations for samples A and D were insignificant. For samples B and C, the coefficient A 1 rapidly decreased as the excitation densities increased, while A 2 rapidly increased as the excitation densities increased. The sum of A 1 and A 2 was approximately the same for all four samples. These results indicated that these two mechanisms were competing processes and the faster process dominated when the excitation was very weak. The slower process gradually became dominant as the excitation intensities increased.
A theoretical model that separates QWs into two groups, namely, "undoped QWs" and "doped QWs," is proposed to explain the dependence of the carrier lifetimes on the excitation intensity. The decrease in the lifetime as the excitation intensity decreases is caused by the competition between the two recombination paths: one is through the undoped QWs, and the other one is through the doped QWs. The recombination rate through the undoped QWs is lower than that through doped QWs because of carrier screening. Figure 4 depicts the competition between these two recombination paths. Since the photon energy of excitation laser substantially exceeds the bandgap of the p-type GaN cladding layer, most carriers are assumed to be generated in the p-type layer and injected from the top into the wells and accumulated within the undoped QWs. Carriers are present in the doped QWs following carrier tunneling from the undoped QWs. The tunneling probability T of a carrier from undoped QWs to doped QWs can be derived using the zero-order WentzelKramers-Brillouin approximation, 9 which is
where m * is the effective carrier mass and is Planck's constant divided by 2. The tunneling probability sensitively depends on the barrier thickness L D and the barrier height ⌬U. The attempt rate R a for a carrier in the undoped QWs to tunnel through the barrier into doped QW depends on both the well size L QW and the kinetic energy of the carrier. The attempt rate can be approximated as
where E 0 is the ground energy state in the undoped QWs. The tunneling rate R T for one electron can be expressed as the product of T and R a and is given by
Hence, the tunneling rate R T from undoped QWs to doped QWs depends only on the structure of the sample but not on the carrier concentration.
The radiative electron-hole recombination rate R is proportional to the product of the hole and electron concentrations. The bimolecular rate equation is R = Bnp, where n and p are the electron and hole concentrations, respectively. The proportionality constant B is the bimolecular recombination coefficient. Thus, reducing the excitation intensity causes fewer excess carriers to be present in undoped QWs and reduces the recombination rate R through undoped QWs. Since the tunneling rate R T is independent of the excitation intensity, carrier tunneling becomes the preferred process at low excitation intensity. Therefore, most of the excess carriers in the undoped QWs preferentially tunnel into the doped QWs and recombine there, resulting a shorter lifetime. However, the recombination rate R exceeds the tunneling rate R T at high excitation intensity. The injected carriers preferentially recombine in the undoped QWs, resulting a longer lifetime.
In conclusion, the carrier dynamics of InGaN / GaN LEDs with various doping profiles is investigated by performing TRPL experiments. The excess carrier lifetime strongly depends on the excitation intensities when both doped and undoped barriers are present in the active region. A model based on the competition between radiative recombination in undoped QWs and carrier tunneling from undoped QWs to doped QWs is proposed. Reducing the excitation power density does not change the tunneling probability but reduces the radiative recombination rate in undoped QWs. More carriers undergo faster recombination in doped QWs resulting in a shorter carrier lifetime. This proposed model fully explains the experimental results. 1 S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, Jpn. J. Appl. Phys., Part 2 34, L797 ͑1995͒. 
